Abstract: A set of polyurethanes containing isosorbide units were synthesized by polymerization in solution from HDI and MDI diisocyanates and 1,4-butanediol (BD), isosorbide (Is) or diisosorbide diurethanes (Is 2 HDI and Is 2 MDI) as diols. The thermal properties and stability, and crystal structure of the polyurethane homopolymers and copolymers containing isosorbide were evaluated and compared with those of the polyurethane analogues entirely made of BD. Incorporation of isosorbide produced significant changes in T g , T m and T d but no noteworthy differences were found between copolymers made from Is or Is 2 monomers. Degradation assays revealed that incorporation of Is units increased slightly the hydrolysis rate.
Introduction
A growing interest is currently devoted to chemicals deriving from renewable resources as an alternative to oil-based monomers for the production of wellestablished industrial polymers. Specifically, utilization of carbohydrate derivatives for polymer synthesis has attracted much attention not only because of the huge abundance of these resources but also because of the promising degradability and biocompatibility of the polymers that can be produced from them [1, 2] . Carbohydrates stand out as very highly convenient raw materials because they are inexpensive, readily available, and provide great functional diversity [3, 4] . In recent years, several notable examples of carbohydrate-based polymers have been reported in the literature [5] [6] [7] .
One of the most promising carbohydrate derivatives for the synthesis of polymeric materials is the cyclic diol 1,4:3,6-dianhydro D-glucitol, also known as isosorbide. This carbohydrate-based diol is a suitable monomer for the synthesis of a variety of polycondensates such as polyesters, polyamides and polycarbonates [8] . The reactivity of isosorbide as monomer is somewhat limited by the secondary nature of their hydroxyl groups. Furthermore, the two hydroxyl groups have different spatial position relative to the puckered bicycle and they display therefore different reactivity [9, 10] . The influence of isosorbide on physical properties of polymers is well-known: i.e. T g increases and crystallinity decreases with the content in Is units [10] [11] [12] . On the other side, it has been proved that polyesters, poly(ester-amide)s, poly(estercarbonate)s, and polycarbonates derived from isosorbide are more or less biodegradable depending on the structures, as judged from degradation tests carried out in activated sludge, in soil, and in the presence of hydrolytic enzymes [13] .
Some polyurethanes containing isosorbide were described in the nineties [14, 15] but the knowledge on these carbohydrate-based polyurethanes is very limited. Recently we have reported on segmented poly(ester-urethane)s in which 1,4-butanodiol was replaced by isosorbide as chain extender [16] . It was shown there that the presence of isosorbide enhanced the hydrodegradability of the polymer but the degradation process involved almost exclusively the ester counterpart. The main purpose of this work was to make an explorative comparative study of non-segmented polyurethanes containing isosorbide (Is) with their analogues made from 1,4-butanediol (BD). Hexamethylene diisocyanate (HDI) and 4,4'-methylene-bis(phenyl isocyanate) (MDI) are the diisocyanates chosen for their synthesis. Incorporation of the Is units was accomplished by using either isosorbide directly or a diol-diurethane compound made from diisocyanate and isosorbide. The chemical structure of the PUR homopolymers and copolymers studied in this work are depicted in Scheme 1. Thermal properties including stability to heating and some data of the crystalline structure are compared. The influence of the presence of the isosorbide units on the susceptibility to hydrolysis of the polyurethane chain was also assessed. Scheme 1. Chemical structures of polyurethanes studied in this work.
Results and discussion

Synthesis
Polyurethanes were prepared by polymerization reaction in DMF solution at room temperature with dibutyltin dilaurate as catalyst and using HDI and MDI as diisocyanates. 1,4-Butanediol, isosorbide, and compounds Is 2 HDI or Is 2 MDI were the diols of choice for this study. The use of these diol-urethane compounds as monomers ensured the incorporation of the Is units as dyads in the forming PUR chain and contributed to minimize decomposition of isosorbide during polymerization. Results from polymerizations and copolymerizations are compared in Table 1 ; copolymers were made from a 1,4-butanediol to isosorbide or urethane-diol molar ratios of 4:1 or 8:1 respectively, so that the BD to Is units ratio in the resulting copolymers were expected to be 4:1 in both cases. 13 C NMR spectroscopy, all peak data and assignments being listed in the Experimental section. The 1 H NMR spectra showed that copolyurethanes were enriched in BD units and all them show predominance of isosorbide end groups, most of them with the unreacted hydroxyl in exo position. This result can be explained again by the lower reactivity of secondary hydroxyl groups of isosorbide, and more specifically by the hydroxyl in exo position. This result is in agreement with the work of Lemieux et al. on tosilation of isosorbide [9] but contrary to the relative reactivity of the two isosorbide hydroxyl groups observed in the reaction with carboxylic diacids to give polyesters [10] .
The low solubility characteristic of PUR is not only essentially maintained but even slightly more restricted in the Is-containing PUR; specifically, the partial solubility in CHCl 3 and THF displayed by PUR-(BD-HDI) and PUR-(BD-MDI) disappears upon insertion of Is units.
Tab. 1.
Polymerization results and some properties of polyurethanes.
Thermal properties and crystalline structure
The effect of Is units on the thermal properties of PUR was assessed by DSC and data collected from this study are compared in Table 2 . Firstly T g were measured at heating from samples rapidly quenched at -70 ºC from the melt. As it could be anticipated, the insertion of the rigid isosorbide ring hampered the molecular mobility of the polymer chain with the subsequent increase in T g . In fact T g values of PUR increased with the content in Is, the highest values being displayed by PUR being entirely made of isosorbide. The same trend was observed for both aliphatic and aromatic series and, as it should be expected, much higher T g were observed for the latter (93-183 ºC) than for the former (15-77 ºC). Tab. 2. Thermal properties of polyurethanes studied in this work. All the studied polyurethanes were semicrystalline polymers and able to crystallize from the melt. The heating DSC traces of samples of PUR coming directly from synthesis are compared in Figure 1 .
They all contain more or less pronounced endothermic peaks characteristic of melting. DSC traces recorded from Is-containing PUR homopolymers showed multiple broad melting peaks, presumably arising from crystallite size heterogeneities; such multiple peaks could be merged in only one sharper peak shifted upwards by annealing for 12 h at temperatures close to the highest temperature melting peak. For both aliphatic and aromatic PUR, the Is homopolymer displayed higher T m than the BD homopolymer, and copolymers with intermediate compositions had T m lower than the homopolymers. Furthermore no remarkable differences in melting behaviour were observed between copolymers with the Is units distributed in either monads or dyads.
The thermal stability of PUR under inert atmosphere was comparatively evaluated by TGA. The TGA traces of aliphatic an aromatic PUR are compared in Figures 2a and  2b , respectively, and the decomposition parameters determined on such traces are listed in Table 3 . As it is well known results indicated that major differences are those between aliphatic and aromatic PUR whereas no significant changes in thermal stability were produced by replacing BD by Is. In all cases, polyurethanes made of HDI appeared to be more stable than the aromatic ones showing higher onset and maximum rate decomposition temperatures and leaving much lower amounts of residue after heating at 600 ºC. The X-ray diffraction profiles of PUR are compared in Figure 3a and 3b, and the Bragg's spacings measured on them are listed in Table 3 . The profile recorded from PUR-(BD-HDI) displays the three characteristic spacing of PUR made of HDI at 0.44, 0.37 y 0.40 nm, which have been reported for linear aliphatic polyurethanes as indexed as 100 and 010 of a triclinic structure, and as 100 of a second hexagonal form [17] . It is observed in general therefore that the insertion of the Is units in the PUR chain depress crystal formation and decrease the crystallinity, a result which is in full agreement with DSC observations above described.
The copolymer PUR-(BDIs-HDI) gave a profile containing again the characteristic peaks at 0.43, 0.37 and 0.41 nm with a broad shoulder at ~0.45 nm. It seems therefore that the crystalline structure of the parent homopolymer PUR-(BD-HDI) is essentially retained in the copolymer although some disorder is introduced by the presence of the Is units. It is a plausible explanation given the low content in Is and the preferred location of these units at the end chains, i.e. the amount of inner Is units in the PUR chains is low enough as to allow the polymer to adopt the same crystal structure, most probably by excluding them from the crystal lattice. On the other hand, all the aromatic PUR gave profiles consisting of broad peaks centred at 0.44-0.47 nm which evidence the presence of defective crystallized material. PUR entirely made of Is display a different behaviour. The profile obtained from PUR-(Is-HDI) displays a broad peak at ~0.43 nm which is indicative of a structure made of poorer formed crystallites. The evolution of the X-ray profiles with time of PUR-(Is-HDI) annealed at 190 ºC is depicted in Figure 3c . Upon heating, the peak at 0.43 nm indicative of a hexagonal or pseudohexagonal crystal structure split in the two peaks at 0.43 and 0.47 nm indicating that a new crystal structure is adopted in this case.
Tab. 3. Thermal degradation and observed Bragg spacings of polyurethanes studied.
Hydrolytic degradation assays
The reluctance to hydrolysis of non-segmented PUR made from alkanediols and diisocyanates is a well known fact. It was interesting to explore the effect of the insertion of a carbohydrate-based diol such as isosorbide in a polyurethane chain. With this aim, the hydrolytic degradation of the pair PUR-(BD-HDI) and PUR-(Is-HDI) was comparatively evaluated by incubation in aqueous buffers at pH 2, 7.4 and 10, and at temperatures of 37 and 60 ºC for a period of 40 days. The evolution of the process was followed by weighing and GPC running of the samples after regular periods of time and results are given in 
b)
Unauthenticated Download Date | 6/6/19 4:52 AM butanediol, the weight loss being more perceivable at neutral or basic pH. The fact that the decay in molecular weight is so meagre could be due to the rapid solubilization of the generated PUR fragments. These data indicate that the replacement of BD by isosorbide slightly weaken the resistance of the polyurethane to be attacked by water. This result is in agreement to previously reported work on polycondensates as polyamides, and polyesters in which the hydrodegradability of these polymers was enhanced by the presence of carbohydrate-based units in the polymer chain [18] [19] [20] .
Tab. 4. Hydrolytic degradation of PUR-(BD-HDI) and PUR-(Is-HDI). a
Experimental part
Materials and methods
Isosorbide was a gift from Roquette Freres S.A. This cyclic dianhydride is prepared from corn starch following a well-established procedure of the proprietary company. Common reagents and solvents, and 1,4-butanediol (BD) were purchased from Aldrich and used as received. N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) solvents were dried prior to use by distillation under inert atmosphere. Diols and reagents for polymerization were stored in a desiccator under vacuum until used. Hexamethylene diisocyanate (HDI) was vacuum distilled prior to use and, together with 4,4'-methylene-bis(phenyl isocyanate) (MDI), stored at 4 ºC. Both compounds were handled under inert atmosphere.
Viscosities were measured in dichloroacetic acid at 25.0 ± 0.1 °C using an Ubbelohde microviscometer at concentrations ranging from 5 to 10 mg·mL -1 . Gel permeation chromatograms (GPC) were acquired at 35 ºC with a Waters equipment provided with a refraction-index detector. The samples were chromatographed with 0.05 M sodium trifluoroacetate-hexafluoroisopropanol (NaTFA-HFIP) at a flow rate of 0.5 mL -1 ·min -1 using a polystyrene-divinylbenzene packed linear column. Chromatograms were calibrated against poly(methyl methacrylate) (PMMA) monodisperse standards.
1 H and 13 C{ 1 H} NMR spectra were recorded on a Bruker AMX-300 spectrometer operating at 300.1 and 75.5 MHz for 1 H and 13 C, respectively, in deuterated DMSO and using TMS as internal reference. Sample concentrations of about 1-5 % (w/v) were used for these analyses, and spectra were recorded either at 298.1 and 343.1 K. The spectra were acquired with 64 scans and 1000-10,000 scans for 1H and 13C, respectively, and relaxation delays of 1 and 2 s. Differential scanning calorimetry (DSC) experiments were performed at heating/cooling rates of 10 ºC·min -1 on a Perkin-Elmer Pyris 1 instrument calibrated with indium. All the experiments were carried with samples of 3-4 mg within a range of temperatures from 0 ºC to 200 or 250 ºC, and under a nitrogen flow of 20 mL·min -1 to minimize possible oxidative degradations. Thermogravimetry analysis (TGA) was carried out under inert atmosphere at a heating rate of 10 °C·min -1 and within a temperature range of 30 to 600 ºC using a Mettler TA4000 thermobalance. Sample weights of about 15 mg were used in these experiments. Wide angle X-ray scattering were performed on a Philips automatic horizontal axis diffractometer using Cu Kα-Ni filtered radiation. Spectra were taken at room temperature with the scattering angle 2 varying from 3 to 50º. In addition, wide-angle X-ray scattering (WAXS) experiments using synchrotron radiation were performed at the A2 beamline of the HASYLAB synchrotron facility (DESY, Hamburg). The experiments were performed with monochromatic X-rays of 0.154 nm wavelength. The scattering was detected with linear detectors and calibrated with semicrystalline PET standard.
Synthesis of monomers and polymers. Urethane-diols Is 2 HDI and Is 2 MDI
To a solution of 4 mmol of isosorbide in 10 mL of dry tetrahydrofuran, 1 mmol of either HDI or MDI was added dropwise. Dibutyltin dilaurate (2 % w/w) catalyst was added and the mixture stirred for 3 h at room temperature under inert atmosphere and then concentrated to oil from which a white solid precipitated. The two diols were dried under vacuum and stored in a desiccator until needed. Is 2 HDI: Yield 85 %. Is 2 MDI: Yield 83 %.
Synthesis of polymers
The selected diol or combination of diols (1 mmol) (1,4-butanediol, isosorbide, Is 2 HDI or Is 2 MDI) and N,N-dimethylformamide (4 mL) were placed in a round bottom flask saturated with inert gas. The mixture was stirred at room temperature up to homogenization and then 1 mmol of diisocyanate, HDI or MDI, followed by dibutyltin dilaurate (20 ppm) catalyst were added, and the mixture maintained under stirring for 24 h. The reaction mixture was then added dropwise into cold diethyl ether (25 mL) to precipitate the polymer. Purification of the polyurethane was carried out by redissolution in the minimum volume of chloroform or chloroform/trifluoroacetic acid and reprecipitation into diethyl ether. 
Hydrolytic degradation assays
For hydrolytic degradation studies, films of selected polyurethanes with a thickness of ~300 μm were prepared by hot-press molding at a temperature of 250 ºC for 3 min. The films were cut into 10-mm diameter, 20 to 30-mg weight disks, which were dried in vacuum at 30 °C to constant weight. The degradation study was performed by placing the discs into vials and 10 mL of buffered solutions were added at the selected pH. Parallel experiments were carried out with samples immersed in sodium phosphate buffer (pH 7.4), sodium carbonate buffer (pH 10) and citric acid buffer (pH 2) at temperatures of 37 and 60 °C. Vials were sealed to avoid partial evaporation of the fluids in the heated chamber. After immersion for the fixed period of time, the samples were rinsed thoroughly with water and dried to constant weight. Sample weighing and GPC measurements were used to follow the evolution of the hydrodegradation.
